Introduction
Carbon nanotubes (CNTs) receive considerable attention from both physics and technological points of view because of their ideal one-dimensional structure, nanosize dimension, and high-current driving capability. [1] [2] [3] One of the most useful applications of CNTs is in ultra high-density integrated circuits (ICs), which are expected to make a breakthrough in the limit of present silicon IC technology. Recently, Bachtold et al. have first demonstrated CNT IC; a ring oscillator consisting of three-stage CNT field-effect transistor (FET) inverters. 4) Even though their results are quite promising, the fabrication technique using CNTs dropped on a substrate is primitive. The position-controlled growth of CNTs is one of the most important technologies for the development of the fabrication process.
We have recently succeeded in fabricating CNT-FETs on a specified position by position-controlled CNT growth. 5 ) By this technique, it is possible to evaluate the yields of CNTFETs. However, a fabricated device structure using a p þ -substrate as a back gate is not suitable for future device integration because input gate terminals are common to each other in back-gate CNT-FETs. Even though a top-gate device structure can eliminate the problem of the commongate configuration, additional processes such as gate insulator film deposition, and etching are required.
In this paper, we studied the effects of the fabrication process on the current-voltage (I-V) characteristics of CNTFETs. The effects of SiN x deposition and the subsequent top-gate process were studied. The hysteresis of the I-V characteristics and ambipolar behavior of the device were also examined.
Experiments
Figure 1(a) shows the schematic of the device structure. Position-controlled nanotube growth 5) on a heavily doped p þ -Si substrate with thermally oxidized SiO 2 (100 nm) was used as a wafer for device fabrication. First, metal catalysts consisting of a double layer of Co (2 nm) on Pt (10 nm) were patterned on the substrate using conventional photolithography and metal lift-off processes. An SEM image of the patterned catalysts is shown in Fig. 1(b) . The gap between the catalysts for the source and drain electrodes and their width were 5 and 25 mm, respectively. Next, CNTs were synthesized by low-pressure thermal CVD. A mixture of ethanol and argon was used as a source gas. The flow rates were controlled with mass-flow controllers to be 50 and 100 sccm for ethanol and argon, respectively. The total pressure in the furnace was maintained at 2 Torr during the growth. According to Maruyama, 6) alcohol is suitable for synthesizing SWNTs, which is probably because decomposed OH radical suppresses the generation of amorphous carbon. The growth temperature and duration were 900 C and 1 h, respectively. The fabrication was completed by Au/ Ti electrode formation both on the patterned catalysts and on the back surface of the substrate. The p þ -Si substrate was used as a gate electrode. The drain current-voltage (I D -V DS ) characteristics of the fabricated CNT-FETs were measured in air. Little difference in the I D -V DS characteristics was observed even when the device was measured in vacuum. We studied the effect of passivation on the I D -V GS characteristics of the device. A SiN x passivation film with a thickness of 50 nm was deposited by two methods, namely ECR sputtering and thermal CVD. In ECR sputtering, no drain current was obtained after SiN x deposition. This is probably due to damage induced during the SiN x deposition. This is in contrast to our recent result for AlGaN/GaN MISHEMTs with a SiN x gate insulator deposited by ECR sputtering. The HEMTs showed good I-V characteristics with no surface-state-related transient signals. 7) These results indicate that the CNT-FETs are very sensitive to surface damage, which might be induced in the CNT channel during the SiN x deposition. This is probably due to a large surfaceto-volume ratio of the CNT channel. Good I D -V GS characteristics were obtained by thermal CVD.
Figure 3(b) shows the I D -V GS characteristics of the device passivated with a SiN x film deposited by thermal CVD at 250 C using a mixture of N 2 , NH 3 and SiH 4 as a source gas. Even though the direction of the hysteresis does not change, the amount of the hysteresis decreased. This indicates that the charge responsible for the hysteresis originates mainly not from the channel but from the surface of the device. The surface charge is presumed to be reduced by the SiN x passivation. According to Kim et al., 8) the most plausible origin of the surface charge is surface-adsorbed water molecules. We can expect the desorption of the water molecules during the SiN x deposition at 250 C. Moreover, the SiN x surface has few OH groups in contrast to the SiO 2 surface, which results in fewer water molecules hydrogenbonded to the OH groups.
It is notable that the CNT-FET with the SiN x passivation film showed ambipolar characteristics with both n-and ptype conductions, as shown in Fig. 3(b) . That is, starting from a negative gate voltage V GS from À10 V to À8 V, the current I D decreased towards 0 nA (p-channel), remained constant at 0 nA (off-state) for gate voltages between À8 V and 9 V, and then gradually increased (n-channel). This indicates that the CNT-FET changed its conduction behavior from the p-channel to ambipolar characteristics by passivating the device surface with a SiN x film. Such ambipolar behavior has already been reported in some CNT-FETs 9) and peapod FETs. 10) Martel et al. 9) explained it on the basis of the Schottky-barrier-controlled transistor model, 11) in which the transistor action occurs primarily as a result of the change in Schottky-contact resistance induced by gate voltage rather than that in channel resistance. However they also analyzed Schottky barrier height based on its V DS dependence, which implicitly assumed that barrier height was controlled by drain voltage. However, this is not consistent with the previously proposed Schottky barrier control mode. We presume that Schottky barrier height is mainly controlled by gate voltage. Figure 4 shows the energy band diagram of CNT-FETs, which show ambipolar characteristics. Figures 4(a)-4(d) correspond to the bias conditions at (a) zero bias, (b) ptype conduction, (c) off-state, and (d) n-type conduction, respectively. When negative voltage is applied to the gate electrode, the energy level of the CNT under the gate electrode shifts upward and holes are injected from the source electrode to the valence band, as shown in Fig. 4(b) . When the gate voltage increases, the energy level of the CNT shifts downward. Then, the fermi level of the source electrode coincides with the energy gap of the CNT, as shown in Fig. 4(c) . In this case, hole injection from the source electrode to the CNT channel is inhibited, which corresponds to the off-state of the CNT-FETs. When the gate voltage increases further, the energy level further shifts downward, as shown in Fig. 4(d) . In this case, even though the hole injection from the source electrode is still inhibited, electron injection from the contact electrode on the opposite side occurs, which corresponds to the n-type conduction. In this current control model, it is easy to observe the ambipolar characteristics of the device with a small-bandgap CNT channel, and those of the device where the Fermi level of the contact electrodes is near the mid gap. The gate voltage width for the off-state reflects the bandgap of the CNT channel. In such a type of model, it will be possible to implement n-channel CNT-FETs using a contact metal with a small work function. This has been demonstrated recently using Ca as a small-work-function electrode. 12) It is worth discussing the reason the conduction behavior changes from p-type to an ambipolar characteristic following the passivation of the device surface. One of the possible reasons is that the position of the Fermi level of the source/ drain contact metal shifts toward the mid gap of the CNT channel. In this case, even though the Schottky barrier height against hole injection slightly increases, the barrier height against electron injection decreases. Therefore, it is easier to inject electrons from the electrode on the opposite side, which leads to an ambipolar characteristic with a decrease in drain current in the p-type conduction regime. This is consistent with the experimental result shown in Fig. 3(b) , where CNT-FET shows ambipolar characteristics with a smaller drain current in the p-type conduction region than that in Fig. 3(a) . Concerning the origin of Fermi level shift, it has been reported that the dipole is formed at the interface between the CNT and the contact electrode, and that the amount of dipole is dependent on oxygen adsorption.
9) The interface dipole field changes the position of the Fermi energy at the contact metal/CNT interface. These phenomena might occur at the electrode edge during SiN x deposition. Another possible explanation is the effect of strain caused by the SiN x film. If bandgap decreases due to strain, it is also easy to realize ambipolar characteristics. According to the calculation by Yang and Han, 13) the band gap changes under strain, and the direction of the change is dependent on chirality. Quantitative discussion will be conducted in future studies.
It is interesting to study whether these ambipolar characteristics occur in top-gate CNT-FETs or not, where a gap exists between the gate and source electrodes. This is because modulation of Schottky barrier thickness at the contact by the gate is dependent on the gap distance. The schematic cross section of top-gate CNT-FETs is shown in the inset of Fig. 3(c) . A top-gate electrode was formed on the SiN x passivation film with a 50 nm thickness. The gatesource distance was 2 mm. ambipolar characteristics were observed even in the top gate CNT-FET with a long gate-source distance of 2 mm. According to the calculation by Leonard and Tersoff, 14) the full-depletion width, which is a measure of the distance where modulation of Schottky barrier thickness by the gate occurs, can even be in one micron at doping fraction (the number of dopants per atom) of approximately 2 Â 10 À4 . Our experimental results suggest that the doping fraction of the CNT channel is at around this level.
It is notable that the direction of hysteresis of the present top-gate FETs is opposite to that of the back-gate FETs in the p-type conduction regime. That is, it was counterclockwise for the top-gate FET and clockwise for the back-gate FET. Counterclockwise hysteresis indicates that the charge responsible for the hysteresis originates from the gate electrode. For top-gate FETs, thinner SiN x (50 nm) with a smaller conduction band offset (approximately 2.5 eV) than those of a SiO 2 back-gate insulator (100 nm, approximately 3.7 eV) was used. This might result in a tunneling injection of electrons from the gate to the SiN x gate insulator or the SiN x /CNT interface during negative gate bias. Further investigation is ongoing and relegated to future publication.
Summary
The effects of fabrication process on the I-V characteristics of CNT-FETs were studied in detail. A large hysteresis was observed in the I-V characteristics of the back-gate CNT-FETs without a passivation film. The direction of the hysteresis was clockwise. The hysteresis became small by passivating a device surface with a SiN x film grown by thermal CVD. Water molecules adsorbed on the device surface were suggested as the origin of the hysteresis of the bare CNT-FETs on the basis of these results. The conduction behavior of the CNT-FETs has changed from p-type to ambipolar characteristics by passivating the device surface with a SiN x film. Even in the top-gate CNT-FETs with a gate-source spacing of 2 mm, ambipolar characteristics were observed. Moreover, the direction of the hysteresis was different between the back-gate and the top-gate devices. This suggests that there are other causes of hysteresis in the I-V characteristics.
